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for carotenoid production by Rhodotorula 
mucilaginosa
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Abstract 
The “alperujo” is a waste from the olive oil industry with great potential for valorization. It has a high organic load, 
with the presence of valuable compounds such as biophenols and sugars. The use of this waste can be thought of 
as a biorefinery from which different compounds of high added value can be obtained, whether they are present in 
the “alperujo” such as biophenols or can be generated from the “alperujo”. Therefore, the production of carotenoids 
by Rhodotorula mucilaginosa was evaluated using the liquid fraction of ‘alperujo’ (Alperujo Water, AW) or an aqueous 
extract (AE) of “alperujo” at different concentrations (5, 10, 20 and 30% w/V) as substrates. The AEs had an acidic pH, 
a total sugar concentration ranging from 1.6 to 7.6 g/L, a polyphenols content from 0.4 to 2.9 g/L and a significant 
amount of proteins (0.5–3 g/L). AW is similar in composition as 30% AE, but with a higher amount of total sugars. 
Rh. mucilaginosa was able to grow at the different mediums with consumption of glucose and fructose, a reduction 
in protein content and alkalinization of the medium. Maximum total carotenoid production (7.3 ± 0.6 mg/L) was 
achieved at AW, while the specific production was higher when the yeast grew at AW or at 30% AE (0.78 ± 0.06 and 
0.73 ± 0.10 mg/g of biomass, respectively). Torulene and torularhodin were the main carotenoids produced. Polyphe-
nol content did not change; thus, it is still possible to recover these compounds after producing carotenoids. These 
results demonstrate the feasibility of using alperujo-based mediums as cheap substrates to produce torularhodin and 
torulene and to include this bioprocess as a step in an integral approach for alperujo valorization.
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Introduction
Nowadays, olive oil is obtained by two- and three-
phase centrifugation systems which in most countries 
replace the traditional pressing. These systems save 
water and energy and improve oil recovery; however, 
different by-products are generated that need to be 
appropriately managed (Morillo et al. 2009). With the 
two-phase centrifugation system, only one semi-solid 
residue called two-phase olive mill waste (TPOMW) 
or “alperujo” is produced. It is estimated that 850  kg 
of “alperujo” are produced per one ton of olives pro-
cessed (Serrano et  al. 2017). It has ~ 65% moisture 
content, a slightly acidic pH and a high content of 
organic matter composed of lignin, cellulose, hemicel-
lulose, fats, polyphenols and carbohydrates. This high 
organic load, if applied in high quantities and during 
long periods, contaminates soil and water (Killi et  al. 
2014; Monetta et al. 2012). However, since alperujo is 
essentially olive pulp, olive stone and vegetation water, 
it contains many of the beneficial components of the 
olive fruit and with the appropriate treatment, it could 
be considered as a by-product of the olive industry 
(Serrano et  al. 2017; Dermeche et  al. 2013). Recent 
approaches to valorize alperujo point to the recovery 
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of some of these valuable compounds like hydroxyty-
rosol and tyrosol, both recognized potent antioxidants 
(Rubio-Senent et al. 2013; Fernández-Prior et al. 2020). 
However, even with these treatments, alperujo may 
be under-exploited as most lignocellulosic feedstocks 
(Unrean 2016). An interesting alternative for alperujo 
valorization is to use it as a substrate for the growth 
of microorganisms of biotechnological interest. This 
strategy provides the possibility of producing high 
value-added products such as biopolymers, enzymes 
and pigments with a concomitant reduction of the 
organic load (Borroni et al. 2017; Moya Ramírez et al. 
2016; Elisashvili et al. 2018; Zerva et al. 2017).
Carotenoids represent a valuable class of lipid mol-
ecules exploited at an industrial scale as additives in 
pharmaceutical, chemical, food and feed products. 
Their industrial market is expected to reach about $2.0 
billion by 2022 (McWilliams 2018). At the biological 
level, carotenoids are antioxidant pigments that prevent 
oxidative damage to lipid membranes as well as some of 
them are precursors of vitamin A (Rodriguez-Concep-
cion et al. 2018). They are synthesized by plants, algae, 
yeast, fungi and bacteria, but not by animals, which 
must obtain them from the diet (Rodriguez-Concep-
cion et  al. 2018). Among the yeasts, the genus Rhodo-
torula is well known to produce a variety of carotenoids 
including β-carotene, torulene and torularhodin (Tang 
et  al. 2019). Although β-carotene is one of the most 
studied carotenoids, in the last years, torularhodin and 
torulene have gain attention because they are stronger 
antioxidants and have antimicrobial and antitumoral 
activities (Zoz et al. 2015; Yoo et al. 2016).
Several studies have demonstrated the feasibility of 
producing carotenoids from low-cost substrates (Kaur 
et  al. 2019; Sharma and Ghoshal 2020; Urnau et  al. 
2019). In this work, we explore the production of carot-
enoids, in particular, torulene and torularhodin, by 
a strain of Rhodotorula mucilaginosa using different 
medium derived from alperujo as cheap substrates.
Materials and methods
Microorganism
Rhodotorula mucilaginosa was kindly provided by the 
Instituto de Botánica “Carlos Spegazzini” and it was 
maintained in agar slants at 4  °C until required. The 
identification of the yeast strain was performed by the 
Departamento de Micología, Instituto Nacional de 
Enfermedades Infecciosas Dr. Carlos G. Malbrán by 
phenotypic tests, MALDI-TOF MS (Matrix-Assisted 
Laser Desorption/Ionization-Time of Flight) and DNA 
sequencing of the D1/D2 domain of 26  s ribosomal 
DNA.
Two‑phase olive mill waste (TPOMW) samples
Arbequina fresh TPOMW samples were provided by an 
oil processing plant located in Coronel Dorrego, province 
of Buenos Aires (Argentina). The samples were stored at 
− 20 °C until further use.
Culture medium preparation
Alperujo Water (AW) was obtained by centrifuging fresh 
alperujo at 1372g for 20 min. The liquid phase was sep-
arated, filtered and sterilized by autoclaving at 120  °C 
for 15  min. Aqueous extracts (AE) were prepared from 
freeze-dried and defatted alperujo in concentrations of 5, 
10, 20 and 30% (w/V) according to (Borroni et al. 2017). 
In brief, the corresponding amount of TPOMW was 
extracted with continuous agitation for 2 h at 4  °C with 
distilled water. The obtained aqueous extract (AE) was 
then centrifuged, filtered and sterilized by autoclaving at 
120 °C for 15 min.
Analytical procedures
Total phenolic content was determined spectrophoto-
metrically at 725  nm according to the Folin–Ciocalteu 
method using caffeic acid as standard (Gutfinger 1981). 
Glucose was measured with an enzymatic-Glicemia kit, 
kindly provided by Wiener Lab (Rosario, Argentina). The 
pH was measured with an Altronix TPX-I electrode. Pro-
tein concentration was determined by the Lowry method 
(Lowry et al. 1951) previous precipitation with trichloro-
acetic acid. Dry cell weight was determined at 85 °C using 
a Kern DLB 160-3A thermobalance (Kern, Germany). 
The number of yeasts was counted in a Neubauer cham-
ber using an inverted microscope Zeiss Primo Star (Carl 
Zeiss, Germany). A non-inoculated flask (W/In) was 
included as a control in all experiments and treated as the 
inoculated samples.
Determination of sugar composition of the different 
mediums was performed by a Waters Alliance e2695 
HPLC (Waters Corp., Milford, MA, USA) on an ion 
exclusion Rezex™ RCM-Monosaccharide  Ca+2 analyti-
cal column (Phenomenex, Torrance, CA, USA) kept at 
60 °C, using an injection volume of 5 µL and a flow rate of 
0.6 mL/min. The mobile phase consisted of HPLC-grade 
deionized water. Peaks were monitored by changes in the 
refractive index with a Waters 2414 Refractive Index (RI) 
detector (Waters Corp., Milford, MA, USA). Calibration 
curves constructed with pure standards (Anedra, Bue-
nos Aires, Argentina) were used to determine the con-
centration of glucose (r2 = 0.992), fructose (r2 = 0.996), 
mannitol (r2 = 0.997), stachyose (r2 = 0.993) and sucrose 
(r2 = 0.983). The detection limit was calculated from the 
calibration curves according to (Hadjikinova et al. 2017) 
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and was 0.035  mg/mL for glucose, 0.020  mg/mL for 
fructose, 0.025  mg/mL for mannitol, 0.015  mg/mL for 
sucrose and 0.013 mg/mL for stachyose.
Production, extraction, and quantification of carotenoids
Cultures were performed in 250-mL Erlenmeyer flasks 
containing 50  mL of the desired concentration of AE 
and incubated for 6 days at 30  °C under orbital shaking 
(150 rpm). Samples were taken on days 0, 1, 2, 3, 4 and 
6. To measure glucose, total phenolics, pH and biomass, 
2  mL of culture was removed under sterile conditions. 
The medium was centrifugated at 1372g for 15 min, the 
biomass separated and the supernatant was filtrated and 
stored at − 20 °C until required.
For carotenoid extraction, the cells were incubated 
with dimethyl sulfoxide at 50 °C for 30 min and thereafter 
extracted with 3 mL acetone until the residual cell pellets 
were colorless. The supernatant was separated by cen-
trifugation at 1372g during 15 min and acetone extracts 
were combined. Pooled extracts were collected in amber 
flasks, the solvent was evaporated under a nitrogen 
stream and carotenoids were suspended in 3-mL ace-
tone (Colet et  al. 2015). Quantification was performed 
by measuring absorbance at 450  nm in a Shimadzu 
UV-160A spectrophotometer. A calibration curve was 
prepared with β-carotene in acetone and the result was 
expressed as β-carotene equivalents. Each culture condi-
tion was run in triplicate.
Separation of carotenoids was achieved by a Waters 
Alliance e2695 HPLC on a C-18 reverse-phase ana-
lytical column (Waters Spherisorb ODS2 5  μm, 
4.6 mm × 250 mm) kept at 25 °C, using an injection vol-
ume of 10 µL and a flow rate of 1  mL/min. The mobile 
phase consisted of a binary gradient of acetone and water. 
The initial composition was 75% acetone, which was lin-
early increased to 95% acetone in 10  min. It was main-
tained at this composition for the next 7 min, then raised 
to 100% acetone in 3 min and held for 10 min. The initial 
composition was reached in 5  min. (Fernandez-Orozco 
et al. 2013). Peaks were monitored at 450 nm and online 
spectra were recorded between 320 and 700  nm with a 
Waters 2998 Photodiode Array Detector. A calibration 
curve was prepared with a β-carotene standard from 
Sigma Chemical Co. (St. Louis, MO) and the concen-
tration of each carotenoid was expressed as β-carotene 
equivalents. Tentative identification was performed by 
comparing the retention time and UV–Vis spectra with 
literature data (Weber et  al. 2007; Britton and Young 
1993). The   %III/II was calculated as the relationship 
between the peak heights of the longest-wavelength 
absorption band (III) and the middle absorption band 
(II), taking as a baseline the minimum between the two 
peaks (Rodriguez-Amaya and Kimura 2004).
Seed germination test
Seed germination was carried out in glass Petri dishes 
(100-mm diameter) with filter paper (140-mm What-
man No. 1 filter) on the bottom. Twenty seeds of Lactuca 
sativa were added in dishes contained 5  mL of distilled 
water (control) or the corresponding medium (AW or AE 
at different concentrations) before and after Rh. mucilagi-
nosa growth. Petri dishes were maintained for 72 h under 
dark conditions at 20  °C and the number of germinated 
seeds was counted every day. Germination was deter-
mined by observation under a magnifying glass, consid-
ering that a seed is germinated when the root is longer 
than 1 mm (Di Salvatore et al. 2008).
Sugar and nitrogen assimilation test
Carbon assimilation test was performed using a minimal 
nitrogen medium supplemented with stachyose, raffi-
nose, sucrose, glucose, fructose or mannitol as sole car-
bon source at a concentration of 20 g/L (Wickerham and 
Burton 1948). Nitrogen assimilation test was performed 
using a minimal medium with glucose supplemented 
with  NaNO3,  (NH4)2SO4, urea or bovine serum albumin 
(BSA) as sole nitrogen source at a concentration of 1 g/L 
(Wickerham 1946). Growth was determined spectro-
photometrically by measuring O.D. at 600  nm against a 
medium inoculated with yeasts without the addition of 
any carbon or nitrogen source.
Statistical analysis
Analysis of variance (ANOVA) followed by post hoc 
Tukey´s multiple comparisons test was performed using 
GraphPad Prism version 6.00 for Windows (GraphPad 
Software, La Jolla, California, USA, www.graph pad.com). 
A threshold of p = 0.05 was set as a significance level to 
compare means.
Results and discussion
Characterization of alperujo water and aqueous extract 
of alperujo
Figure  1 shows the main physicochemical characteris-
tics of different concentrations of AE and from AW used 
as a growth medium for yeast development. Although 
the composition of olive wastes varies depending on 
the olive variety, climate conditions, cultivation prac-
tices and storage time, we found values were consistent 
with other reports (Giannoutsou et  al. 2004; Dermeche 
et al. 2013; Serrano et al. 2017). All mediums are acidic 
(pH = 5.15–5.39) and have a high polyphenol content 
(Fig. 1a, b). Recent reports optimize pH values for carot-
enoid production by Rh. mucilaginosa in agro-industrial 
wastes to be 6.1, higher than the pH of our mediums 
(Sharma and Ghoshal 2020). These factors may preclude 
Page 4 of 11Ghilardi et al. Bioresour. Bioprocess.            (2020) 7:52 
yeast growth; however, an important amount of total 
sugars—including glucose—and a significant amount of 
protein are present in the extract (Fig. 1c, d). There is a 
variety of sugars solubilized in the mediums (Table  1), 
among them glucose and mannitol are the most abun-
dant. It would be advantageous if Rh. mucilaginosa could 
use these compounds as carbon and nitrogen sources to 
grow and produce carotenoids efficiently. Indeed, meta-
bolic tests showed that Rh. mucilaginosa can use proteins 
as nitrogen source, although less efficiently than peptone, 
urea or -NO3− (Additional file 1: Fig. S1a). Also, it is able 
to grow using all the sugars present in alperujo as the sole 
C source (Additional file 1: Fig. S1b). Therefore, Rh. muci-
laginosa has the ability to assimilate the nutrients present 
in the alperujo-based mediums, a desirable characteristic 
of the strain.
Since alperujo has a 65% water content, the liquid frac-
tion of alperujo (AW) is expected to be similar in com-
position as 30% AE. Interestingly, AW has much more 
total sugar and glucose than the AE (Fig. 1c). This excess 
in carbon compounds could be an advantage for produc-
ing carotenoids since they are produced when there is a 
high C/N ratio (Elfeky et al. 2019). It is important to note 
that AW is prepared by simply centrifuging fresh alpe-
rujo and separating the liquid fraction. Therefore, it can 
be obtained in line with olive oil production without the 
addition of water. However, AEs are prepared by recon-
stituting the appropriate amount of freeze-dried alperujo 
with distilled water. Since olive oil production is a sta-
tional process, alperujo is produced intensively during a 
short period. The use of dried alperujo has the advantage 
to facilitate its storage and transport.
Characterization of Rh. mucilaginosa growth at different 
medium
Rhodotorula mucilaginosa is able to grow in AW and at 
all AE concentrations studied (Fig. 2). With these sam-
pling times, the lag period was evident only at AW and 
30% AE, probably due to the high levels of toxic com-
pounds present in the mediums (Fig. 2 a). The time to 
reach the stationary phase augments as the AE con-
centration increases, being 1  day at 5% and 10% AE 
and 2  days at 20%, 30% AE and AW (Fig.  2a). For all 
AE concentration tested, at 5  days, deleterious effects 
Fig. 1 Physicochemical characteristics of different mediums. pH (a), polyphenol content (b), Total sugar and glucose contents (c) and protein 
contents (d) were measured in the different mediums used as substrate for carotenoid production by Rh. mucilaginosa. Bars show the mean and 
S.D. values (n = 4); different letters indicate statistically significant differences (p ˂ 0.01)
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on Rh. mucilaginosa viability are observed, and thus, 
next experiments were performed for 4 days. The maxi-
mal specific growth rate was markedly higher at 5% 
and 10% AE; whereas at 20%, 30% and AW Rh. muci-
laginosa slows down its growth (Fig.  2b). The number 
of yeasts produced also has a maximum at 10% AE and 
decreases at lower and higher AE concentrations and 
at AW (Fig. 2c). This behavior of the biomass produced 
was observed before with a strain of Rh. mucilaginosa 
grown on an algae extract and with other microorgan-
isms (Leyton et al. 2019; Morillo et al. 2006). At 5% AE, 
the amount of available nutrients may limit the growth; 
while at more concentrated mediums (20 and 30% AE 
and AW), the excess of toxic compounds, i.e., polyphe-
nols, may inhibit yeast growth. Interestingly, the bio-
mass measured as the dry weight has a maximum at 
20% AE; whereas, the number of yeasts shows the high-
est value at 10% AE (Fig. 2d). This implies that at 10% 
the nutrient balance favors cell division; while at higher 
concentration, accumulation of reserve substance may 
be responsible for the increase in weight rather than 
the number of cells (Schneider et al. 2013; Elfeky et al. 
2019).
Characterization of alperujo water and aqueous extract 
of alperujo after Rh. mucilaginosa growth
Rh. mucilaginosa growth increases the pH of the medium 
and this effect is more marked at low AE concentrations 
(Fig. 3a). The assimilation of organic acids in addition to 
the deamination of amino acids will result in alkalinisa-
tion of the medium. A similar result was observed with 
Rh. glutinis grown on potato wastes and with a strain 
of Rh. mucilaginosa used to treat olive mill wastewater 
(Jarboui et  al. 2012) (Kot et  al. 2017). Protein content 
decreases at all AE concentrations and in AW indicat-
ing that Rh. mucilaginosa is able to use these compounds 
as a nitrogen source (Fig. 3b, Additional file 1: Fig S1a). 
Protein consumption is larger at 10% AE (~ 65%), prob-
ably related to the fact that at this concentration the 
maximal growth rate is observed and a larger number 
of cells are produced (Fig.  2b). Interestingly, not all the 
protein present could be consumed and larger quantities 
remain in the medium, a situation that is more evident at 
20 and 30% AE, where only ~ 25% is used. In the case of 
AW, ~ 50% of the soluble proteins remain in the medium 
after Rh. mucilaginosa growth. Thus, although a nitrogen 
source is present in the medium, the yeast experiments 
Fig. 2 Characteristics of Rh. mucilaginosa growth at different mediums. Time course of Rh. mucilaginosa growth (a) and maximal specific growth 
rate (b) at different AE concentration. Normalized (final/initial) biomass obtained at 4 days of culture, measured as number of cells (c) or dry weight 
(d). Data are shown as the mean and S.D. (n = 4); different letters indicate statistically significant differences (p ˂ 0.01)
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a nitrogen deficiency, a condition known to favor carot-
enoid synthesis. Similar results were found with Rh. 
glutinis grown with different nitrogen sources, where 
cellular carotenoid accumulation was enhanced signifi-
cantly in a high C/N ratio compared to a low C/N ratio 
(Elfeky et  al. 2019). This inability of Rhodotorula to use 
efficiently the protein presents as nitrogen source may 
limit yeast growth and shift the metabolism to accumu-
late carbon excess as reserve substances. Available sugars 
were also consumed at different extents according to the 
medium (Fig.  3c). Rhodotorula mucilaginosa consumed 
between 80 and 85% of sugars when growing at 5 and 
10% AE and 75% at 20% AE. In contrast, when growing at 
30% AE almost half of the available sugars remain in the 
medium even after 7 days in culture. As was shown below 
(Table 1), in AW, ~ 95% of available sugars are used.
Although in the metabolic test we observed that Rh. 
mucilaginosa can grow using all the sugars present as the 
sole C source (Additional file 1: Fig. S1b), in the AE this 
was not the case (Table 1). The monosaccharides glucose 
and fructose were efficiently consumed at all AE concen-
trations tested. Besides, the utilization of the tetrasac-
charides stachyose was incomplete and only observed at 
10 and 20% AE, and sucrose and mannitol content were 
not significantly used in at any AE concentration tested. 
As the concentration of AE increases, Rh. mucilaginosa 
became more selective, at 30% AE only glucose and fruc-
tose are consumed, and a large amount of sugars remain 
in the medium. At 30% AE, the high levels of polyphenols 
present could act as inhibitors of some enzymes involved 
in the metabolization of disaccharides and oligosaccha-
rides, thus precluding their utilization. Many natural 
polyphenols like flavonoids and phenolic alcohols can act 
as enzymes inhibitors with IC50 starting from 0.6 mg/L 
(Rasouli et al. 2017; Renda et al. 2018; Bhatia et al. 2019; 
Lim et  al. 2019). Most of them are present in alperujo 
and since they are water soluble, they are expected to be 
present in the AE (Araújo et al. 2015; Rubio-Senent et al. 
2013). Moreover, phenolic extracts obtained from olive 
oil were shown to inhibit α-glucosidase activity in  vitro 
with an IC50 between 60 and 350  mg/L (Figueiredo-
González et al. 2019). Also, hydroxytyrosol a main phe-
nolic alcohol present in alperujo, was shown to inhibit 
intestinal β-galactosidase and α-glucosidase in diabetic 
rats (Hamden et al. 2010). In the present work, the poly-
phenol content is ranging from 500 mg/L to 3000 mg/L, 
values much higher than those commonly reported to 
inhibit enzymes involved in the metabolization of more 
complex sugars; this fact could explain the lack of con-
sumption of di- and oligo-saccharides observed. Inter-
estingly, when Rh. mucilaginosa grew on AW, it was 
able to metabolize all the sugars present in the medium 
and with high efficiency, despite the high polyphenol 
concentration.
Phytotoxicity of AW and AE against the germination 
of Lactuca sativa was studied next. As shown in Fig. 4a 
(empty bars), the number of germinated seeds depends 
on the AE concentration. Whereas at 5 and 10% AE, no 
deleterious effect is seen in the capacity of seeds to ger-
minate, at 20, 30% AE and AW, the number of germinated 
seeds decreases up to 40%. However, Rh. mucilaginosa 
growth does not impact the phytotoxicity of the AE at 
any AE concentration tested nor at AW (Fig. 4a, dotted 
bars). This is probably related to the fact that polyphenol 
content does not change either (Fig. 4b). Although poly-
phenols present in alperujo are reported to be phyto-
toxic, they are valuable compounds for diverse industries 
because of their antioxidant, antimicrobial and antitu-
moral properties (Araújo et  al. 2015). Nowadays, a lot 
of research has been done to recover these compounds 
from olive wastes (Fernández-Prior et  al. 2020; Fernán-
dez-Bolaños et al. 2002; Rubio-Senent et al. 2013; Serrano 
et  al. 2017). Since polyphenol content does not change, 
it is still possible to recover these valuable compounds 
Fig. 3 Changes in physicochemical parameters of different mediums after Rh. mucilaginosa growth. pH (a), protein (b) and available sugars (c) were 
measured in the different AE concentrations before (Initial, empty bars) and after 4 days in culture (Final, dotted bars) Rh. mucilaginosa growth. Bars 
show the mean and S.D. (n = 4), *p ˂ 0.01, **p ˂ 0.001
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even after Rh. mucilaginosa growth and, thus, include the 
production of carotenoids compounds proposed here as 
a step in a revalorization chain for olive wastes.
Carotenoid production by Rh. mucilaginosa
Total carotenoid volumetric production significantly 
increases with AE concentration reaching a maximum 
at 20% and 30% AE (5.5 ± 1.0  mg/L and 4.9 ± 0.5  mg/L, 
respectively). However, when Rh. mucilaginosa grows 
at AW, 7.3 ± 0.6  mg/L of total carotenoids are obtained 
(Fig.  5a). At 10% AE, the carotenoid increase could be 
related to faster yeast growth that renders more cells; 
however, at AW, 20 and 30% AE, the increase in carot-
enoid content is probably reflecting the accumulation of 
carotenoids inside the cells. Indeed, comparing with ini-
tial inoculum, specific carotenoid content also increases 
at all AE concentrations and in AW (Fig.  5b, dot line) 
being higher during Rh. mucilaginosa growth at AW or 
30% AE. These results demonstrate that these mediums 
could be used as an induction medium for carotenoid 
production. The values obtained here are larger than 
previous reports of the same species isolated from soil, 
grown on synthetic media like Luria–Bertani, potato-
dextrose or yeast extract–peptone–dextrose (189.2 µg/g) 
(Yoo et al. 2016). However, they are similar to the carot-
enoids-specific production obtained by optimization 
of Rh. mucilaginosa growth in diverse agro-industrial 
wastes (Sharma and Ghoshal 2020). At AW and 30% AE, 
although Rh. mucilaginosa grew slower and carotenoid 
production is stimulated when compared with the other 
AE concentrations.
In addition to the increase in total carotenoid content, 
carotenoid profile changes depending on the medium 
too (Fig. 5c). β-carotene increment does not vary among 
the mediums, except for AW. This indicates that other 
carotenoids are synthesized and are responsible for the fur-
ther total carotenoid increase. It is well known that besides 
β-carotene, yeasts belonging to Rhodotorula genera pro-
duce torulene and torularhodin at different proportions 
depending on culture conditions (Tang et al. 2019; Moliné 
et al. 2012). These carotenoids can be tentatively identified 
by their characteristic UV/Vis spectrum and their reten-
tion time in RP-HPLC (Weber et al. 2007). Therefore, toru-
larhodin, which has a carboxylic group and 14 conjugated 
double bonds (c.d.b.), is expected to have a shorter reten-
tion time and to absorb at a longer wavelength (Moliné 
et  al. 2012) than torulene and β-carotene. Besides, the 
presence of the carboxylic group reduces the fine structure 
of the spectrum, which can be estimated by the ratio  %III/
II. Indeed, as shown in Additional file 1: Fig. S3, the first 
peak appearing (Retention time = 13.4  min) bears the 
same UV/Vis spectrum as that reported for torularho-
din, with a maximum at 498 nm and a poor fine structure 
(%III/II = 9). The second peak (Retention time = 18.4  min) 
shows a spectrum with more defined bands of absorption 
(%III/II = 40) and a maximum at 490 nm, as it is expected 
for torulene which has 13 c.d.b. and is not as polar as 
torularhodin. Lastly, peak 5 corresponds to β-carotene 
which is the less polar carotene and elutes at 20.6 min as 
the standard did (see Additional file  1: Figs. S3 and S4). 
Therefore, the main carotenoids produced are torulene, 
torularhodin and β-carotene. The sum of these represents 
about 70% of the total carotenoid content. Also, accord-
ing to the culture condition, we found two minor peaks 
between torulene and β-carotene that most probably cor-
respond to neurosporene and γ-carotene, according to its 
UV/Vis spectrum, retention time and literature data of 
carotenoid composition of Rhodotorula yeasts (Takaichi 
and Maoka 2015; Weber et al. 2007; Davoli et al. 2004) and 
Additional file 1: Fig. S3). When growing in AW, torulene 
Fig. 4 Phytotoxicity of different mediums before and after Rh. mucilaginosa growth. a Polyphenol content of different AE before and after 4 days of 
Rh. mucilaginosa growth. b Percent of germinated seeds with different AE concentrations before and after 6 days of Rh. mucilaginosa growth. Bars 
show the mean and S.D. (n = 3); different letters indicate statistically significant differences (p ˂ 0.01)
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is the main carotenoid produced, followed by torularhodin 
and γ-carotene. No significant levels of neurosporene are 
detected probably indicating that the carotenoid biosyn-
thetic route is very active. Among different AE concentra-
tions, changes in carotenoid profiles are evident too. At 5% 
AE, torulene represents 80% of the total carotenoid con-
tent. Its concentration reaches a maximum at 20% AE and 
decreases again when Rh. mucilaginosa grows at 30% AE. 
Torularhodin concentration, in contrast, became signifi-
cantly higher than the initial inoculum at 10% AE. At 30% 
AE, an accumulation of neurosporene is observed, prob-
ably indicating a slowdown in the carotenoid biosynthetic 
route (Fig. 5c). Neurosporene is located before the branch-
ing point in carotenoid biosynthesis, being a precursor 
of both torulene and β-carotene (Kot et  al. 2018). The 
lack of change in β-carotene together with the increase 
in torulene observed indicates that AE favors the branch 
that goes to the synthesis of torulene and torularhodin. 
In AW, in contrast, both branches are stimulated. Carot-
enoids are involved in stress responses of microorganisms 
(Marova et al. 2004, 2010). Indeed, several works reported 
the enhanced production of torularhodin and torulene in 
response to oxidative stress, light exposure, shear stress, 
some chemicals and high salt concentrations (Li et  al. 
2017; Sakaki et al. 2001; Davoli et al. 2004; Varmira et al. 
2016). Alperujo is known to possess a high salt concen-
tration and many toxic compounds like polyphenols, in 
addition to an unbalance nutrient composition, all factors 
stimulating carotenoid biosynthesis (Morillo et al. 2009).
Conclusion
The use of the liquid fraction of alperujo (AW) or an 
AE as a culture medium for carotenoid production by 
Rh. mucilaginosa was studied. Our results demonstrate 
that Rh. mucilaginosa can grow and produce carot-
enoids in both mediums without affecting the pos-
sibility of extracting other valuable compounds like 
polyphenols. According to the medium used, it may be 
possible to obtain a mix of carotenoids enriched in tor-
ulene, torularhodin and/or neurosporene. Thus, AW 
and AE seem to be promising, cheap and simple-to-
obtain mediums for producing carotenoids with indus-
trial applications.
Fig. 5 Carotenoid production of Rh. mucilaginosa at different mediums. a Total carotenoid volumetric production; b specific carotenoid production. 
c Torularhodin, torulene, β-carotene and neurosporene contents obtained at mediums after 4 days of culture. Bars show the mean and S.D. (n = 3), 
different letters indicate statistically significant differences (p ˂ 0.01)
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Additional file 1: Fig. S1. Sugar and nitrogen assimilation tests. (a) Rh. 
mucilaginosa was grown in base media with the specified compound 
as sole N source. Bars shown the mean and S.D. (n = 3) of optical density 
after 2 days in the culture at 30 °C normalized against the O.D. of a culture 
grown in peptone. (b) Rh. mucilaginosa was grown in base media with the 
specified sugars as sole C source. Bars shown the mean and S.D. (n = 3) of 
optical density after 2 days in the culture at 30 °C normalized against the 
O.D. of a culture grown in glucose. *denotes statistically significant differ-
ences with p ˂ 0.01. Fig. S2. HPLC separation of sugars. Chromatogram of 
sugars present in a sample of AE at 20% before (upper panel) and after 
(lower panel) 4 days of Rh. mucilaginosa growth. Fig. S3. HPLC separation 
of carotenoids. a) HPLC profile at 454 nm of total carotenoid extract from 
Rh. mucilaginosa at the beginning (dotted lines) or after 4 days of growing 
in AE 30% (filled line). b) Absorption spectra of each peak obtained from 
DAD. Fig. S4. HPLC profile of β-carotene standard.
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